Though anodes with high Li gravimetric capacities, beyond commercial graphite, have been intensively studied, gravimetric capacity does not precisely reflect the performance of a packed cell. Li anodes with high mass loadings, which can achieve high areal capacities, are required for many commercial applications. Herein, anodes with high mass loadings were fabricated using two-dimensional transition metal carbides (MXenes). Powders of the latter were cold pressed, without binders, at a pressure of 1 GPa, to create $300 mm thick, free-standing discs. When Ti 3 C 2 was used as the anode for lithium, the initial reversible areal capacity was $15 mAh/cm 2 , which decreased to 5.9 mAh/cm 2 after 50 cycles, but the decrease after the first $20 cycles was very gradual. The latter is one of the highest values ever reported to date. When Nb 2 C was used as the anode instead, the initial reversible capacity was $16 mAh/cm 2 ; this value decreased to 6.7 mAh/cm 2 after 50 cycles, which is about a 14% increase compared to Ti 3 C 2 . As the research on MXenes for lithium ion batteries has just begun, there is certainly room for further improving their electrochemical performance.
Introduction
For at least two decades now, lithium-ion batteries (LIBs) have been used as the main energy source for electronic devices due to their high energy density [1, 2] . Today their applications expanded to electric vehicles (EV) and grid energy storage [3, 4] . Commercial batteries employ graphite as the anode, in which Li ions intercalate between the graphite layers to form Li x C 6 (x 1), with a theoretical capacity of 372 mAh/g [5] . As new applications, such as EVs, require higher energy densities, much research has being dedicated to increase the gravimetric capacity and replace current graphite LIB anodes with two-dimensional, and other novel materials [6] [7] [8] [9] [10] . Due to their high gravimetric capacities, materials that form alloys with Li, such as Si [11, 12] , Ge [13] , and Sn [14] have been explored extensively. Among those, Siwith a theoretical specific capacity of $4200 mAh/ghas been intensively studied as a potential substitute for current graphite anodes [11, 15] and is already being incorporated into commercial batteries.
Most of the studies on LIB materials emphasize gravimetric capacities. And while the latter is important in some applications, there are other metrics such as areal and volumetric capacities that are as, if not more, important for some device applications [16] . This is especially true of the latest generation of portable devices where volume is more important than weight. Even more importantly, in many cases, the specific values reported are obtained on electrodes with very low mass loadings of the active material. Since, in most cases, the capacity does not scale linearly with electrode thickness and other componentswhich have nonnegligible weighthave to also be taken into consideration, overly optimistic gravimetric capacity values reported for many nanostructured electrodes do not translate into performance of real batteries [16] . Lastly, and most importantly, a match between the specific capacities of the anodes and cathodes needs to be established. This is especially true since the best capacities of cathodes for Li batteries at this time are in the range of 200 mAh/g [17] and up to 4.1 mAh/cm 2 [18] , and an anode with a matching areal capacity is needed. In matching cathode and anode performances, the areal capacity (mAh/cm 2 ) is a critical consideration as the anode and the cathode face each other in a typical battery [19] . High-density electrodes are important, as dense films directly lead to higher volumetric and areal capacities [20] .
Recently, a family of two-dimensional (2D) transition metal carbides (e.g. Ti 3 C 2 , Ti 2 C, Nb 2 C, V 2 C, etc.), called MXenes was discovered [21] [22] [23] . MXenes are produced by etching away the A layers from M n+1 AX n (MAX phases), in which "M" represents a transition metal, "A" are elements in the groups 13-16 (Al, Ge, Si, etc.), and "X" represents carbon and/or nitrogen and n = 1 to 3 [24] . Given that the MXene surfaces are terminated with OH, and F groups resulting from the etching process, it is more accurate to refer to them as M n + 1 X n T x , where T represents the surface terminating groups, such as O, F and OH. As-prepared MXenes exist in a multilayered structure, which appears as planar sheets stacked in flakes. The multilayered structures can be delaminated into single-layer flakes by sonication [25] [26] [27] [28] . Due to their high specific surface areas, metallic conductivity, and hydrophilic surfaces, MXenes have shown outstanding performance as electrodes for supercapacitors [26] [27] [28] . MXenes are also promising anode materials for LIBs due to their excellent conductivity and cation intercalation capability [29, 30] . Capacities in the range 600-700 mAh/g have been predicted, depending on the MXene structure and composition [31] [32] [33] [34] . And indeed, high-rate anodes have been demonstrated using relatively thin films of delaminated Ti 3 C 2 T x [25] , but a number of issues typical of early stage material development, including first cycle irreversibility, sloped chargedischarge behavior and material loading still need to be addressed.
The objective of this work is to show that MXenes can be used for manufacturing electrodes with high areal capacities. Herein, we report on the use of Ti 3 C 2 T x discs with thicknesses of a few tens to hundreds of micrometers and densities up to 2.52 g/cm 3 to develop LIB anodes with high areal capacities. The discs, which were prepared by simply cold pressing of multilayered Ti 3 C 2 T x powders at room temperature, were freestanding and no binder was used.
Experimental

Preparation of Ti 3 C 2 T x and Nb 2 CT x MXenes
The Ti 3 C 2 T x used in this study was produced by etching Al from MAX phase, Ti 3 AlC 2 powder prepared by mixing commercial Ti 2 AlC powders (Kanthal, Sweden) with TiC in a 1:1 molar ratio. The mixture was then heated at 1350 C under argon, Ar, for 2 h in a tube furnace, then taken out after cooling down to room temperature. The obtained MAX phase Ti 3 AlC 2 was crushed and sieved through a 400 mesh sieve to yield a powder with a particle size below 38 mm. The latter was immersed in a 50 wt. % aqueous HF solution at room temperature (RT) for 18 h, while stirring, as described in Refs. [21, 22] . Then, the solution was rinsed and centrifuged with DI water several times to rid of residual HF, and dried to obtain Ti 3 C 2 T x powders. The Nb 2 AlC powders were produced by mixing Nb (Atlantic Equipment Engineers, Bergenfield, USA, 99.8 wt. % purity, À325 mesh), Al (Alfa Aesar, Ward Hill, USA, 99.5 wt. % purity, À325 mesh), and graphite (Alfa Aesar, Ward Hill, USA, 99 wt. % purity, À300 mesh) in an atomic ratio of 2:1.1:1, in a ball mill for 18 h. The powders were heated to 1600 C under Ar for 4 h in a tube furnace, then cooled down to room temperature. Obtained powders were sieved through a 400 mesh sieve. Nb 2 CT x powders were produced by immersing Nb 2 AlC powders in 50 wt. % HF for 40 h at 55 C while stirring. The solution was rinsed and centrifuged with DI water, and dried to obtain Nb 2 CT x powders, as described in Ref. [35] . Prior to cold-pressing, all MXene powders were vacuum dried at 100 degrees C overnight to remove residual moisture.
Electrochemical measurements
CR2016-type coin cells were assembled in an Ar-filled glove box with a moisture level below 1 ppm. Li foil was used as the half-cell counter electrode, and glass fiber (Whatman GF/A), and Celgard propylene membranes were used as separators. Stainless steel spacers were also inserted in the cell to ensure good electrical contact between the layers. A 1:1, in volume, mixture of 1 M LiPF 6 dissolved in a mixture of ethylene carbonate (EC) with diethyl carbonate (DEC) was used as the electrolyte. Cells were galvanostatically cycled using an Arbin BT2000 instrument (Arbin Instruments, TX, USA), where cells were cycled at various rates. Cyclic voltammetry (CV) tests were performed by a Biologic VMP-3 (Biologic SAS, France) instrument. Cells were left at open circuit voltage (OCV) for at least 12 h prior to electrochemical testing. All of the electrochemical measurements were carried out at room temperature. The reported values for gravimetric, volumetric, and areal capacities are based on the entire weight, volume, and area of the electrode, respectively.
Results and Discussion
The layered structure of the Ti 3 C 2 T x powders, similar to thermally expanded graphite, can be seen in the scanning electron microscope (SEM) image in Fig. 1a . Most Ti 3 C 2 T x particles were a few micrometers in size. To obtain discs with high densities and high mass loadings, the Ti 3 C 2 T x powders were loaded in a 25 mm diameter die and cold pressed at room temperature under a load corresponding to a stress of 1 GPa. This procedure resulted in binder free, free-standing discs (Fig. 1b , bottom) that varied in thickness from tens to hundreds of micrometers. The original discs -25 mm in diameterwere cut into smaller pieces that fit into the coin cells. The densities of the additives-free Ti 3 C 2 pressed discs were in the range of 2.14-2.52 g/cm 3 . That density range is about three times higher than a Ti 3 C 2 T x electrode made by the conventional slurry casting method, which has a density of 0.8 g/cm 3 [29] .
The fracture surface of a pressed disc shows densely packed and randomly arranged particles (Fig. 1c,1d ). The XRD pattern from the top surface of a disc (Fig. 1e ) showed a strong (0 0 0 2) peak at 2u = 8.9 , which corresponds to a c-lattice parameter (c-LP) of 1.98 nm; a value that is comparable to previous studies [21] . The following peaks correspond to higher order reflections viz. (0 0 0 4), (0 0 0 6) and (0 0 0 8). The characteristic peaks of the Ti 3 C 2 flakes show that they have retained their lattice structure after being pressed into the discs. The peak at 61 is due to the (11 0) planes, i.e. evidence that the flakes are stacked along [0 0 0 1]. Said otherwise, they were not delaminated.
Cells were assembled with a Ti 3 C 2 T x mass loading of 50 mg/cm 2 . Cyclic voltammetry (CV) and galvanostatic cycling were used to evaluate the performance of the pressed MXene anodes. The CV tests (Fig. S1a) were carried out at a scan rate of 0.2 mV/s. Capacity values were calculated from the galvanostatic charge/discharge curves ( Fig. 2a) , where cells were cycled between 5 mV and 3 V vs. Li + /Li, at a specific current of 30 mA/g, which corresponds to a charging rate of C/3. The areal capacity was 1.5 mA/cm 2 after 50 cycles (Fig. 2b) . A broad irreversible peak, which was observed near 0.7 V (vs. Li + /Li) during the first lithiation cycle, is most probably due to a formation of a solid electrolyte interface (SEI) layer, as the peak does not appear in the following cycles [29, 36] . The voltage plateau seen in Fig. 2a is also consistent with formation of a SEI. The irreversible reaction of Li with hydroxyl or fluorine on the surfaces of Ti 3 C 2 T x layers can also contribute to the first cycle irreversibility [31] .
A reversible capacity of 28 mAh/g was obtained after 50 cycles (Fig. S1b) , which is significantly lower than previously reported values (e.g., 110 mAh/g in Ref. [29] ) or the >400 mAh/g reported in Ref. [25] ) for delaminated and loosely packed Ti 3 C 2 . Still, a stable and quite good areal capacity value of 1.7 mAh/cm 2 was recorded even after 50 cycles (Fig. 2b) . Thus, while the gravimetric specific capacity was low, the dense packing of the MXene flakes resulted in a relatively high areal capacity. The reason for the low gravimetric capacities is most probably the high density and thickness (220 mm) of the electrodes, which limit the access to Li ions and/or electrolyte.
To test this hypothesis, we mixed the Ti 3 C 2 T x powders with carbon black, CB, prior to cold pressing. The CB was added to create open channels between the particles and allow the electrolyte to better penetrate between the layers and enhance Li transport. Different weight percentages (5, 10, 15 wt. %) of CB (acetylene, 100% compressed, Alfa Aesar, Ward Hill, MA), a common carbon additive used in LIB electrodes, were added to the Ti 3 C 2 powders. Then each mixture was pressed into a discusing a load corresponding to a stress of 1 GPawith a mass loading of 50 mg/cm 2 . As expected, the CB nanoparticles of few nm to 100 nm in diameter reduced the electrode density from 2.14 g/cm 3 at 0 wt. %, to 1.28 g/cm 3 at 15 wt. % CB (Fig. S2 ). Electrodes were prepared from each disc and galvanostatically cycled at a constant current density of 30 mA/g (C/3, 1.5 mA/cm 2 ) ( Fig. 3) .
From the results it is apparent that the addition of CB more than doubles both the specific (Fig. 3a ) and areal capacities (Fig. 3b ) of the electrodes. For example, the disc with 10 wt. % CB showed a reversible capacity of 97 mAh/g after 50 cycles, which is over a 3-fold increase compared to the bare Ti 3 C 2 disc. As important, the areal capacity after 50 cycles was 5.9 mAh/cm 2 (Fig. 3b ). This value Fig. 2 . Electrochemical tests performed on a 220 mm thick pressed Ti 3 C 2 T x electrode. (a) Charge/discharge curve at a current density of 1.5 mA/cm 2 . A voltage plateau, due to SEI formation can be seen in the first cycle. (b) Areal capacity vs. cycle number at a current density of 1.5 mA/cm 2 , which corresponds to a C/3 rate. The blue points were obtained on charging and the red on discharging.
is higher than the commercial graphite anode value of 4 mAh/cm 2 or the values reported for other anodes, such as silicon, graphene, etc. [12, 19, [37] [38] [39] [40] [41] .
From the results shown in Fig. 3b , it is also clear that the exact concentration of CB in the electrode has little effect on its electrochemical performance. However, since the electrodes with the highest CB percentages yielded a lower capacity and were also more fragile than the ones containing less CB, we decided to further test the electrodes with no more than 10 wt. % CB. We note in passing that one of the advantages of working with MXenes is their ability to bond together and form relatively strong electrodes without any polymer binder. Fig. 3c shows the effect of charging rate of the 10 wt. % CB electrodes on their areal capacity. Not surprising, the capacity decreases with increasing charging rates. At the highest charging rate of 12 mA/cm 2 (corresponding to a cycling rate of about 2.7 C) the areal capacity was 1.58 mAh/cm 2 (Fig. 3c) . The voltage profiles of this electrode as a function of charging rate are shown in Fig. 3d . Like in the previous work [29] , a more or less linear drop in voltage with charging is observed with no voltage plateau. The voltage profiles also become steeper with increasing charging rate.
To further explore the effect of electrode geometry on Li capacity, the latter was measured as a function of electrode thicknesses, varying from 74 AE 2 mm to 220 AE 30 mm. The results are shown in Fig. 4a -c for pure Ti 3 C 2 T x electrodes cycled at 30 mA/g (C/3). Not surprisingly, increasing the electrode thickness resulted in a decrease in both gravimetric (Fig. 4a) , and volumetric (Fig. 4b) capacities. The effect of the electrode thickness on areal capacity ( Fig. 4c) , on the other hand, was not so simple. The 142 AE 26 mm film resulted in the highest areal capacity (Fig. 4c) , showing an optimal balance between the various metrics. The results also show that the 74 mm thick film possessed the highest gravimetric capacity at 97 mAh/g (Fig. 4a) . At 264 mAh/cm 3 , the same film also had the highest volumetric capacity (Fig. 4b) . The lower specific and volumetric capacities for the thicker discs are most probably due to diffusional limitations. To confirm this hypothesis, 5 wt. % CB-Ti 3 C 2 T x electrodes were tested ( Fig. 4d, Fig. S3 ) and the thickest one showed the highest areal capacity. The 5 wt. % CB electrodes that were 244 mm thick had a comparable capacity to pure Ti 3 C 2 T x films that were 3 times thinner (Fig. S3 ). This comparison confirms that the presence of the CB particles creates/opens more channels for the electrolyte and Li ions to reach additional active surface sites in their presence than in their absence. The value of 5 mAh/ cm 2 at C/3 for an electrode that is 244 mm thick (Fig. 4d ) is noteworthy since it exceeds that of commercial carbon anodes.
To test the applicability of our findings on Ti 3 C 2 T x to the MXene family of materials in general, we tested another MXene, viz. Nb 2 CT x [35] . Here again, Nb 2 CT x powders were mixed with 10 wt. % CB, before cold pressing a disc under 1 GPa pressure. Similar to Ti 3 C 2 T x , the Nb 2 CT x electrodes also did not show any voltage plateaus during the charge/discharge process (Fig. S5 ). Figs. 5a and b compare, the specific and areal capacities of the Nb-and Ti-based electrodes, respectively; both at a mass loading of 50 mg/cm 2 . From these resultsobtained at a current density of 30 mA/g (rate of C/3) it is obvious that Nb 2 CT x outperforms Ti 3 C 2 T x on both metrics by about 15%. After 50 cycles, the specific and areal capacities of the Nb-based electrodes were 128 mAh/g and 6.7 mAh/cm 2 , respectively. The higher capacities of the Nb 2 CT x electrodes as compared to their Ti 3 C 2 T x counterparts, matches previous results on conventional slurry cast electrodes [35] . This result is also in agreement with theoretical predictions [31] . Since Li intercalates between the MXene layers, thinner M 2 C MXenes are expected to have a higher capacity compared to M 3 C 2 MXenes. Nb 2 CT x is a better electrode by more than the 15% difference shown in Fig. 5a . These comments notwithstanding, it is hereby acknowledged that the voltage profiles of these anodes are still far from ideal. We are currently trying to develop electrodes with low voltage (vs. Li + /Li) plateaus that would be more suited for LIBs.
Conclusions
Li-ion battery anodes with mass loading up to 50 mg/cm 2 were prepared by cold pressing Ti 3 C 2 T x powders into free-standing, binderless, thick discs. The performance of the latter, however, was found to deteriorate rapidly with electrode thickness. To solve this problem, electrodes with 10 wt. % carbon black were fabricated and tested. The areal capacity of 5.9 mAh/cm 2 at C/3, for an electrode that was 352 mm thick, well exceeds that of commercial carbon anodes [12] . Also noteworthy is the fact that the Ti 3 C 2 anodes with CB possessed an areal capacity of 1.58 mAh/cm 2 even at 2.7 C. Even higher areal capacities -6.7 mAh/cm 2 after 50 cycles at a rate of C/3 were obtained for Nb 2 CT x À10 wt. % CB electrodes. Thus, even though cold-pressed MXene electrodes have a somewhat lower gravimetric capacity than the best commercial graphite, very high mass loadings can be achieved for the former, which leads to high areal capacities (5.9 mAh/cm 2 ). These results suggest that MXenes can be assembled into LIB anodes with high mass loadings and high areal capacities that could be useful in practical applications.
